The energetic consequences of strict oxyconformity in the intertidal worm S. nudus were studied by characterizing the Po dependence of respiration in mitochondria isolated from the body wall tissue. The contribution of the rates of mitochondrial ROS production and proton leakiness to mitochondrial oxygen consumption and uncoupling was investigated by using oligomycin as a specific inhibitor of the ATP synthase. The maximum contribution of oligomycin independent respiration to state 3 respiration remained below 6% and showed a minor, insignificant increase at elevated Po , at a slope significantly lower than the increment of state 3 respiration.
Ž
. to both salicylhydroxamic acid SHAM and KCN. Po dependence remained unchanged with saturating and non-2 Ž . saturating substrate levels malate, glutamate and ADP . A concomitant decrease of the ATPrO ratio revealed a lower ATP yield of aerobic metabolism at elevated Po . Obviously, oxyconforming respiration implies progressive uncoupling 2 of mitochondria. The decrease in ATPrO ratios at higher Po was completely reversible. Addition of 90.9 mol H O 2 2 2 l y1 did not inhibit ATP synthesis. Both observations suggest that oxidative injury did not contribute to oxyconformity. The contribution of the rates of mitochondrial ROS production and proton leakiness to mitochondrial oxygen consumption and uncoupling was investigated by using oligomycin as a specific inhibitor of the ATP synthase. The maximum contribution of oligomycin independent respiration to state 3 respiration remained below 6% and showed a minor, insignificant increase at elevated Po , at a slope significantly lower than the increment of state 3 respiration.
2 Therefore, Po dependent mitochondrial proton leakage or ROS production cannot explain oxyconformity. In 2 conclusion Po dependent state 3 respiration likely relates to the progressive contribution of an alternative oxidase 2
Introduction
Most intertidal invertebrates, especially the infauna, have to cope with highly fluctuating ambient oxygen conditions. In intertidal areas oxygen tensions in surface waters vary from almost 0 kPa at night to hyperoxic levels during daytime Ž . Fenchel and Finlay, 1995 . These high Po levels 2 may cause increased oxygen concentrations in the burrows of intertidal species linked to an elevation of oxidative stress. The respiration rate of the intertidal worm Sipunculus nudus is strongly dependent on oxygen levels in the ambient water Ž . Henze, 1910; Portner et al., 1985; Riefke, 1994 . This Po dependent respiration is called oxycon-2 form and has been found in many marine inverte-Ž . brates Mangum and van Winkle, 1973 . In contrast, most if not all vertebrates maintain a constant rate of oxygen consumption under vary-Ž ing Po , and are termed oxyregulators Prosser, 2 . 1991; Portner and Grieshaber, 1993 . In general, both oxyconformers and oxyregulators show a rapid decrease in oxygen uptake below a critical Ž . Po level P , Dejours, 1981 which marks the 2 C ŽI. Ž onset of anaerobic metabolism Portner and . Grieshaber, 1993 . Many intermediate patterns between extreme oxyconformity and oxyregula-Ž tion have been described Mangum and van . Winkle, 1973 . In some cases aerobic oxyconformity only occurs in a low to medium range of Po above which respiration becomes saturated 2 Ž and oxyregulation prevails Portner and Grieshaber, 1993; Fritzsche, 1995; Abele et al., . 1998 .
Isolated cells and mitochondria of oxyregulating animals also display Po independent respira-2 Ž tion above P Jobsis, 1974; Wilson et al., 1979;  CŽI . Jones and Kennedy, 1982; Wilson et al., 1988; . Portner and Grieshaber, 1993 . The reason for Ž this is the high oxygen affinity of cyt ara cyto-
3
. chrome c oxidase, EC 1.11.1.7 in the inner mitochondrial membrane, which becomes saturated at Ž low Po Oshino et al., 1974; Jones and Kennedy, 2 . 1982 . Accordingly, a constant maximal oxidation of cyt c was measured above the critical Po with 2 Ž increasing Po Oshino et al., 1974; Sugano et al., 2 . 1974; Jones et al., 1985 . These relationships have not been investigated in oxyconforming animals. We hypothesized that a mitochondrial mechanism may form the basis of the strong oxyconformity of Ž . S. nudus. Portner and Grieshaber 1993 discussed the possibility of an alternative mitochondrial electron pathway, known from bacteria, as an explanation for oxyconformity in marine invertebrates. This pathway is predicted to be characterized by a lower phosphorylation efficiency during O reduction, and will therefore yield lower 2 PrO ratios than the classical pathway.
The present paper aims at elucidating the mitochondrial background of oxyconformity in S. nudus. The first objective was to analyse whether mitochondria displayed Po dependent oxygen 2 uptake and to investigate the energetic consequences. Are higher levels of oxygen consumption at elevated Po correlated to a higher ATP yield 2 and turnover? The second aim was to investigate the possible contribution of proton leakiness or Ž . ROS reactive oxygen species formation to the expected progressive uncoupling of mitochondrial respiration at high ambient Po . The present 2 data are discussed in the context of a companion study which compared Po dependent respiration 2 in mitochondria of the bivalve Arctica islandica, the nereid worm Nereis pelagica and the bovine Ž . heart Tschischka et al., 2000 .
Material and methods

Animals
Ž
Specimens of Sipunculus nudus 4᎐9 g body
. weight were collected in March and April from intertidal sandy beaches close to Morgat, in the vicinity of the Biological station of Roscoff, Brittany, France. After transport to the Alfred Wegener Institute in Bremerhaven, animals were kept in tanks with a 10᎐15 cm layer of sand from the original habitat and recirculated filtered natural full strength sea water at temperatures between 11 and 15ЊC. Ž . as ATP and P , P -Di-adenosin-5Ј -pentaphospate were dissolved in deionized water, at neutralized pH if necessary. Oligomycin and CCCP were dissolved in a solution containing 40% DMSO. Added volumes of DMSO had no measurable effect on mitochondrial respiration.
Isolation of mitochondria
Mitochondrial respiration
Mitochondrial respiration was measured using Ž . a Clarke type electrode Eschweiler, Kiel, FRG in an assay containing 0.5᎐0.9 ml of a mitochondrial suspension mixed with 1᎐1.3 ml respiration buffer at 14.5" 0.3ЊC in a closed glass chamber. Riefke 1994 . The effect of KCN and salicylhydroxamic acid on mitochondrial respiration was studied at levels of 10 mol l y1 or 3 mmol l y1 , respectively.
ATP-synthesis
ATP-synthesis was determined using a lu- rectly to the online measurement of ATP production in the luciferin-luciferase system.
Mitochondrial H O production 2 2
Mitochondrial H O production in state 2 and 2 2 state 3 respiration was analysed by two methods, firstly by fluorimetric analysis, using scopoletin Ž . 7-hydroxy-6-methoxy-2 H-benzopyran as a fluo- 
Results
Oxyconformity and energetics
Mitochondrial respiration was measured at different substrate concentrations. In a first approach malate and glutamate levels were both set to 5 mmol l y1 and ADP to 0.6 mmol l y1 following Ž . Riefke 1994 . In contrast to the pattern of Po 2 independent respiration we saw with bovine heart Ž . 
Oxyconformity and mitochondrial integrity
Oxidative injuries of mitochondria could provide a possible explanation for decreasing PrO ratios at rising Po . The effect of external H O Ž . mmol malate l and 0.6 mmol ADP l . One symbol is used for each mitochondrial preparation same symbols as in Figs. 1 and 3 measured at different Po levels, n s 7.
U P-0.05 indicates the significance level of linear regression. . These data resulted in a low PrO ratio of 1.14" 0.39 at high and a significantly higher ratio of 1.98" 0.53 at low Po 2 Ž . Fig. 4 . Moreover, the PrO ratio observed at 16,16 " 0,39 kPa was the same as in experiments Ž . without prior hyperoxic treatment Fig. 3 . These data demonstrate that high respiration rates and decreased PrO ratios at high oxygen tensions are completely reversible.
Mitochondrial proton leakiness and ROS formation
Mitochondrial ROS formation consumes O 2 consumption without contributing to ATP synthesis. In the inner membrane of vertebrate mitochondria oxygen is reduced at complex I and the Ž . ubiquinone-pool Turrens et al., 1982a,b . Another O consuming process is associated with 2 mitochondrial proton conductance. Here protons undergo back diffusion without contributing to phosphorylation. Oligomycin inhibits the ATP synthase. Thus, residual oxygen uptake under oligomycin is a consequence of proton leakiness at high mitochondrial membrane potentials Ž . Brand et al., 1994 and also includes ROS formation. If one or both mechanisms were primarily responsible for the Po dependence of respira-2 tion and PrO ratios, inhibition by oligomycin should be minor and respiration under oligomycin should show the same degree of oxyconformity as oxygen consumption without oligomycin.
In the range between 8.7 and 26.4 kPa, there was a small, non-significant increase in oligomycin Ž . insensitive oxygen uptake with rising Po Fig. 5 .   2 However, the Po dependent increase in oxygen 2 consumption of the same mitochondrial sample without oligomycin was 6.7-fold and, therefore, Ž . significantly higher Fig. 5 . Moreover, oligomycin insensitive respiration occurred at a rate which contributed a maximum of 6% to state 3 respiration. Addition of the uncoupler CCCP after the addition of oligomycin, re-established the Po 2 dependent increase in oxygen consumption.
These results lead to the conclusion that both mitochondrial proton leakiness and ROS production can only account for maximally 13% of the observed oxyconformity such that the major part of the phenomenon has to be explained by other mechanisms. In support of these conclusions, mitochondrial H O formation at several levels tection limits of the two methods used and confirmed that ROS formation is small and does not significantly contribute to oxygen consumption in S. nudus mitochondria.
Discussion
Mitochondrial respiration as the reason for oxyconformity?
Mean mitochondrial oxygen consumption per mg mitochondrial protein of S. nudus under normoxia is approximately 80-fold lower compared Ž with rat and pigeon mitochondria Barja et al., . 1994 , and approximately 40% lower than mitochondrial oxygen uptake of the lugworm Arenicola marina, another intertidal invertebrate Ž . Volkel and Grieshaber, 1996 . The low mitochondrial respiration rate in S. nudus relates to the low respiration rate of the whole animal Ž . Portner and Grieshaber, 1993 . Mitochondria isolated from the body wall tissue of S. nudus displayed strictly oxyconform respira-Ž . tion between 2.8 and 31.3 kPa Fig. 1 . This range covers and extends beyond the values of intracellular Po in vivo calculated by Portner and 2 Ž . Grieshaber 1993 for the range between hypoxia and hyperoxia. The Po induced increase of oxy-2 gen uptake is the same for the whole animal, for Ž isolated body wall tissue Portner et al., 1985;  . Riefke, 1994 as well as for isolated muscle cells Ž and coelomic cells Portner and Grieshaber, 1993; . Riefke, 1994 . Mean respiration rate of the whole animal nearly doubles at a Po increment of 2 13.15 kPa, similar to the increase in mitochondrial respiration seen in this study. All of these findings suggest that a mitochondrial mechanism causes oxyconformity in S. nudus. This conclusion is also supported by the finding of decreased NADH levels at high Po in isolated body wall 2 Ž . muscle fibres of S. nudus Riefke, 1994 . Such a drop can be explained by the Po driven rise in 2 oxygen turnover and, thus, NADH demand of mitochondria.
Mitochondrial oxyconformity was also found in Ž nereid and bivalve mitochondria Tschischka et . al., 2000 . In contrast, cells and mitochondria of oxregulators respire at a constant rate above a Ž critical Po Jobsis, 1974; Jones and Kennedy, 2 1982; Jones et al., 1985; Hummerich et al., 1988; Wilson et al., 1988; Rumsey et al., 1990; Portner . and Grieshaber, 1993; Tschischka et al., 2000 . This observation can easily be explained by the high oxygen affinity of cyt ar a , which is satu-3 Ž rated above a critical Po of 0.1 kPa Oshino et 2 . al., 1974; Jones and Kennedy, 1982 . The Po dependence of mitochondrial respira-2 tion might be influenced by the levels of mitochondrial substrates. However, our data demonstrate that the pattern of oxyconforming respiration remains unchanged at 'physiological' as well as at saturating substrate concentrations.
Energetic consequences of oxyconformity
Oxyconformity strictly coupled to ATP production would imply a drastic increase in energy turnover at high Po . Maintenance of ATP 2 turnover despite oxyconforming respiration requires partial or complete uncoupling of ATP production from mitochondrial oxygen uptake. In the case of S. nudus the mitochondrial PrO ratio Ž . declined linearly with rising Po Fig. 3 , i.e. the 2 Po dependent rise in ATP synthesis occurred at 2 a much slower rate than the increase in oxygen consumption. In contrast, rat brain mitochondria operate at constant ADPrO ratios between 3.95 Ž kPa and approximately 20 kPa Khazanov et al., . Ž 1992 . In a companion study Tschischka et al., . 2000 , we also found constant ADPrO ratios in Ž bovine heart mitochondria despite high Po 30 2 . kPa , whereas oxyconforming nereid and bivalve mitochondria displayed a drop in PrO ratios.
In the present study the calculation of mitochondrial PrO ratio used ATP quantities analysed by luminometry in the respiratory assay. In contrast, the 'classical' calculation of PrO values uses the amount of ADP added and the total amount of oxygen consumed during state 3 respiration. ADP is assumed to be completely phosphorylated to ATP when state 4 respiration starts Ž . Chance and Williams, 1956 . Some authors emphasized problems with this 'classical' approach of determining PrO ratios. Especially Hinkle and Ž . Yu 1979 found that up to 10% of the added ADP had not been converted to ATP at the point of transition of state 3 to state 4 respiration.
The highest mean PrO ratio found at a Po of 2 10.1 kPa was 2.08 and a low value of 1.07 was found at 31.3 kPa. Assuming a linear increase of the PrO ratio with declining Po , the expected 2 PrO ratio at 0.26 kPa would be 2.55. This is close to a PrO ratio of 2.3 expected for NADH oxida- ROS formation in this species in vivo. However, an inhibitory effect on ATP synthesis was not found, when mitochondria were exposed to H O 2 2 concentrations chosen equivalent to coelomic levels under normoxia or even threefold higher.
Irreversible damage by Po induced produc-2 tion of reactive oxygen species has been described Ž for vertebrate mitochondria Boveris and Chance, 1973; Loschen et al., 1973; Turrens et al., 1982a , . Barja et al., 1994 . Pathophysiological peroxidative mitochondrial membrane damage by hyperoxic exposure has been described by Nohl et al. Ž . 1981 for heart cells of rats. In S. nudus oxyconformity and Po dependent PrO ratios were 2 Ž . found to be completely reversible Fig. 4 , thereby excluding mitochondrial damage by ROS formation during the time course of the experiments.
Mitochondrial mechanisms behind oxyconformity
Po dependent proton leakiness or ROS for-2 mation would also explain declining PrO ratios at higher Po . Po dependent ROS formation 2 2 has been described for pigeon heart and porcine Ž . lung mitochondria Turrens et al., 1982a,b . However, the high degree of inhibition by oligomycin in S. nudus mitochondria suggests that mitochondrial respiration includes only a small fraction of proton leakage or ROS formation. Therefore, any contribution of proton leakiness or ROS production to oxyconformity in S. nudus would be minor.
Groups of bacteria, e.g. species of Acetobacter, Azotobacter, Paracoccus and Escherichia coli possess a branched respiratory system, also postulated to exist in mitochondria of endoparasitic Ž nematodes and helminths Cheah, 1967; Paget et . al., 1988 . One of the final oxidases is cytochrome Ž o Smith, 1961; Matsushita et al., 1984; Moat and . Ž Foster, 1988 Sone, 1990; White, 1995 . 3 In our view the presence of a similar branched respiratory chain is a possible explanation for oxyconformity in S. nudus mitochondria and their progressive uncoupling at high Po . Bryant . et al., 1989 but also in invertebrates from hypoxic environments as an ancient mechanism of protection from toxic oxygen. High rates of oxygen consumption might be used to reduce excessive Ž . ambient oxygen respiratory protection in closed environments like the animals' burrow. Model Ž . calculations by Portner and Grieshaber 1993 indicate that, owing to elevated oxygen consumption, the Po gradient between coelomic fluid 2 and mitochondria increases at high ambient Po 2 such that the rise in intracellular Po induced by 2 hyperoxic exposure is less than at constant metabolic rates. Nonetheless, these calculations still reveal an increase in intracellular Po during 2 hyperoxia. This increase is responsible for the pattern of oxyconforming respiration observed in vivo.
In vertebrates reoxygenation after ischaemic conditions leads to increased ROS production Ž . Elstner, 1990 . Presumably, oxyconformity pro-Ž tects S. nudus from such oxidative stress respira-. tory protection . In fact the levels of antioxidant enzymes in S. nudus are low, compared to verte-Ž brates, but also to other marine invertebrates T. Buchner, D. Abele and H.O. Portner, unpub-. lished . This finding is presumably related to the low respiration rate of the animal, but protection against ROS formation in mitochondria by an alternative, branched electron pathway could also be one reason. For plant mitochondria Popov et Ž . al. 1997 observed that H O production is 2 2 strongly stimulated by inhibition of the alternative oxidase and concluded that an alternative oxidase contributes to antioxidant defence. A protective effect against oxygen toxicity was shown for the branched respiratory system in the bacterium Azotobacter¨inelandii, which possesses an extremely oxygen sensitive nitrogenase. In this case cytochrome d is used to deplete oxygen in Ž the vicinity of the enzyme Jones, 1977; Gottschalk, 1986; D'Mello et al., 1994; Bertsova . et al., 1997 
